IMPORTANCE Small-bowel adenocarcinomas (SBAs) are rare cancers with a significantly lower incidence, later stage at diagnosis, and worse overall survival than other intestinal-derived cancers. To date, comprehensive genomic analysis of SBA is lacking.
S mall-bowel adenocarcinoma (SBA) is a rare cancer, and current understanding of its genomic alterations is limited. 1 This lack of molecular knowledge results from not only the rarity of this disease, but also the limited availability of high-quality tissue samples. Frequently, SBA is not diagnosed preoperatively; instead, it is found incidentally during surgical exploration for a small-bowel obstruction. 2, 3 Thus, there is a great need for a robust genomic analysis of paraffin-based tissue. The surface area of the small intestine is much larger than that of the large intestine, yet the rate of cancer is approximately 50-to 100-fold less. [4] [5] [6] Proposed theories for this difference include the rapid transit time in the small bowel, lower relative bacterial load, more alkaline environment, and greater lymphoid infiltrate in the small-intestinal mucosa. However, the cause of the lower incidence is currently unknown, and without a fuller genomic understanding of SBA, it is unlikely that the apparent protective environment of the small intestine will begin to be understood. At the present time, SBA is clinically approached in a similar manner to colorectal cancer (CRC) since both are intestinalderived cancers. However, aside from the disparity in incidence, SBA has a significantly worse outcome compared with CRC when stratified stage for stage. 7 In addition, SBA is more likely to be poorly differentiated and stage IV at presentation. 7 Multiple small studies have consistently demonstrated that the frequency of adenomatous polyposis coli (APC [NM_000038]) gene mutations in sporadic SBA ranges from 7% to 13%, which is significantly lower than reported in CRC, where rates of APC gene mutations exceed 80%. [8] [9] [10] [11] [12] [13] To our knowledge, this project provides the largest genomic characterization of SBA, including duodenal adenocarcinoma (DA), to date and provides an improved biological insight into this cancer in relation to cancers of neighboring sites of the stomach and large intestine. In-depth genomic profiling (GP) also reveals many targetable alterations that guide the potential use of targeted therapeutics in clinical care.
Methods
A series of 317 SBA, 6353 CRC, and 889 gastric adenocarcinomas were prospectively assayed with a validated GP platform (August 24, 2012, to February 3, 2016) . DNA was extracted from 40 μm of formalin-fixed, paraffin-embedded sections, which underwent hematoxylin-eosin review to ensure a minimum of 20% DNA derived from tumor cells. Secondary review by a board-certified pathologist (J.S.R.) was performed on a subset of cases noted in the provided pathology reports as periampullary carcinomas to include those with intestinal histology and exclude those with pancreaticobiliary or mixed histology. Genomic profiling was performed on hybridizationcaptured, adaptor ligation-based libraries to a mean coverage depth of ×651 for 236 or 315 cancer-related genes plus select introns from 19 or 28 genes frequently rearranged in cancer.
14 All classes of genomic alterations (GAs) were identi- Approval for this study, including a waiver of informed consent and a Health Insurance Portability and Accountability Act waiver of authorization, was obtained from the Western Institutional Review Board. The data were recorded for the purposes of this study in deidentified format, consistent with the institutional review board-approved protocol.
Results
Genomic profiling of 317 SBAs (130 unspecified SBA and 187 DA) was performed prospectively at the request of treating physicians. Molecular profiles were compared with those of 6353 CRC and 889 gastric carcinomas (GCs) also assayed by GP during the course of clinical care. The overall median age was 56 years (range, 12-101 years), with 60 years (range, 18-86 years) for patients with SBA, 56 years (range, 13-88 years) for patients with CRC, and 58 years (range, 12-88 years) for those with GC. Of patients with SBA, 161 (50.8%) were male compared with 3491 (55.0%) of those with CRC and 486 (54.7%) of those with GC (Table) . Of patients typically undergoing GP, the majority had stage IV disease, including 78.1% (207 of 265) of SBA cases for which stage information was available. For SBA, 60.3% (191 of 317) of the samples were from the primary small bowel, and 39.7% (126 of 317) were from metastatic sites, most commonly the liver (n = 34). We observed similar rates of GA per gene in primary (6.3% [12 of 191] ) vs metastatic (13.5% [17 of 126]) biopsies tested, with BRAF (NM_004333) GA more common in metastases (P = .047) (eFigure in the Supplement). Means (SDs) of
Key Points
Question What is the genomic profile of small-bowel adenocarcinoma (SBA) and how is it unique from other cancers of the gastrointestinal tract?
Findings In this cohort study of 7559 patients, small-bowel adenocarcinoma demonstrated distinct genomic differences compared with colorectal adenocarcinoma and gastric adenocarcinoma, including variations in the frequency and types of alterations of KRAS, APC, BRAF, ERBB2/HER2, and a number of other genes. Microsatellite instability and high tumor mutational burden were enriched in small-bowel adenocarcinoma, and 91% of small-bowel adenocarcinomas harbored potentially actionable genomic alterations.
Meaning Small-bowel adenocarcinoma is a molecularly unique intestinal cancer with a relatively high incidence of genomic alterations predictive of response to targeted and immunotherapies.
6.23 (4.77), 5.94 (4.35), and 4.65 (3.81) GAs per sample were identified among SBAs, CRCs, and GCs, respectively (Table) .
The most common GAs in our series of SBA affected TP53 (NM_000546 . APC and ARID1A GA rates were significantly different from both CRC and GC, while KRAS and SMAD4 GAs occurred at similar rates to CRC, and TP53 (NM_000546) and CDKN2A GAs occurred at similar rates to GC. Compared with CRC, the greatest differences were in APC (26.8% [ S310F/Y (11 cases), V777L (5 cases), V842I, (4 cases), D769Y (3 cases), and L755S (2 cases). Three SBA cases harbored both ERBB2/HER2 amplification and point mutation. Alterations in ERBB2/HER2 were also observed in 9.5% (89 of 889) of GCs and 5.1% (324 of 6353) of CRCs, including ERBB2/HER2 amplification in 61 (6.9%) GC cases and 215 (3.4%) CRC cases. Alterations in EGFR (NM_005228) were observed in 2.5% (8 of 317) of SBAs, 2.5% (158 of 6353) of CRCs, and 4.0% (36 of 889) GCs. Amplification of EGFR was less frequent in SBA and CRC than in GC (1.6%, 1.6%, and 3.4% of cases, respectively). Activating receptor tyrosine kinase rearrangements were identified in 3 (0.9%) SBA cases including EML4-ALK, GOPC-ROS1, and FGFR2-CCAR1; 3 (0.3%) GC cases, all involving truncation of FGFR2/3 after exon 17; and 24 (0.4%) CRC cases involving fusions of ALK, ROS1, RET, and NTRK1/3. Overall, clinically relevant GAs, defined as those associated with an approved therapy or active clinical trial, were identified in 91.5% (290 of 317) of SBA, 88.7% (5638 of 6353) of CRC, and 71.1% (632 of 889) of GC cases.
BRAF alterations occurred at a similar frequency ( The MSI status was available for a subset of tumors in these series, and 3.9% and 4.0% of GC and CRC were MSI-H, respectively, whereas 7.6% (13 of 170) of SBA were MSI-H (Table) . Alterations in mismatch repair genes, including MSH2 (NM_000251), MSH6 (NM_000179), and MLH1 (NM_000249), were observed in SBA at 1.9%, 3.8%, and 2.2%, respectively. In all cases, at least 1 mismatch repair gene harbored a deletion or truncation predicted to cause loss of function. Of 13 MSI-H SBA cases, 10 (76.9%) had 1 or more inactivating alterations in MSH2, MSH6,orMLH1. In CRC and GC MSH2, MSH6, and MLH1, alterations were observed in 1.0%, 1.7%, and 0.9% of cases, and 0.8%, 1.8%, and 1.6% of cases. Although limited by the small sample size and not statistically significant, alterations in MSH6 were 2-fold higher in SBA when compared with either CRC or GC. POLE (NM_006231) alterations were rare, observed in 0.3% of both SBA and CRC cases, and 0.2% of GC (Table) . For tumors specified as DA, significant enrichment in the alteration frequency of ERBB2/HER2 and CDKN2A was observed compared with unspecified SBA, and conversely, alterations in BRAF, PTEN, and PIK3R1 were more frequent in unspecified SBA vs DA ( Figure 3A) . The rate of MSI-H was higher in unspecified SBA (9.0% [6 of 67]) compared with DA (7.3% [7 of 96] ), but the difference was not statistically significant (P = .80). The TMB was significantly higher (P = .046) in unspecified SBA (median, 4.4; mean, 11.3 mutations/Mb) compared with DA (median, 4.0; mean, 8.8 mutations/Mb).
Finally, through review of pathology reports provided by the treating physician, inflammatory bowel diseaseassociated SBA (IBD-SBA) was noted in 14 of 317 (4.4%) SBA cases, including 11 with concurrent Crohn disease, and alterations in CDKN2A/B, CASP8, and ATRX were significantly more frequent in IBD-SBA ( Figure 3B ). However, APC alterations were exclusive to non-IBD-SBA (85 of 303 [28.1%] vs 0 of 14 cases, P = .045).
Discussion
In this study, we report to our knowledge the largest genomic profiling of SBA and DA and also a comparative genomic analysis of SBA with neighboring intestinal tumors. These findings demonstrate that SBA represents a unique genomic entity with distinct alterations from both CRC and GC. Such molecular findings stress the need for further biological understanding of this rare cancer. In addition, this effort has uncovered a number of unique targetable alterations and a higher rate of MSI and increased TMB in SBA, representing direct clinical relevance.
This effort markedly furthers the current molecular characterization of SBA. Specifically, 317 SBA cases were tested with a large genomic platform covering 236 or 315 cancer-related genes and selected rearrangements. 12 Two prior efforts examined larger exome-based analyses, but were limited to 14 and 18 cases and only studied duodenal adenocarcinomas.
19,20 Recent profiling of GC and CRC, using the FoundationOne platform, has also been performed; however, these studies did not include SBA.
21,22
Herein, we demonstrate that the commonly altered genes in SBA are TP53, KRAS, APC, SMAD4, PIK3CA, CDKN2A, and ARID1A (>10% of cases). The relatively low rate of APC mutation (26.8% [85 of 317]) in SBA is consistent with the rate in prior studies and notably distinguishes the genomic profiles of SBA and CRC. 19, 20 However, in our analysis, alterations in other WNT pathway genes were relatively uncommon, and a substantial fraction (88.1%) of APC wild-type SBAs were also wildtype for CTNNB1, AX1N1, and RNF43. We also observed a paucity of APC alterations in IBD-associated SBA, consistent with recent findings in CRC. 23 We identified ERBB2/HER2 alterations in 9.5% (30 of 317) of SBAs, largely consistent with a prior study that identified ERBB2/HER2 alterations, primarily point mutations, in 10 of 83 cases (12.0%). 13 We identified BRAF alterations in 9.1% (29 of 317) of SBA and 7.6% (484 of 6353) of CRC; however, the spectrum of variants was divergent. A total of 73.2% (342 of 467) of BRAF mutations in CRC were the canonical V600E, whereas V600E represented only 10.3% (3 of 29) of BRAF-mutated SBAs, which we believe is a novel and clinically relevant observation. Most BRAF mutations detected in SBA actually appeared to be inactivating, but may still be oncogenic through feedback activation on CRAF, and targetable using pan-RAF or MEK inhibitors. 24 In CRC, tumors with non-V600E mutations have been associated with distinct clinical and pathologic characteristics and significantly greater overall survival.
25
The most notable finding from our study relates to the robust comparative analysis using a single genomic platform to assess nearly 7600 cases. Of 7 genes with GAs occurring in 10% or more of SBA cases, similarities to and marked differences from both CRC and GC were seen. The APC alteration frequencies were distinctly different between all 3 subtypes (CRC, 75.9%; SBA, 26.8%; and GC, 7.8%). Although the frequency of GAs for SMAD4 and KRAS were similar between SBA and CRC, the frequency of GAs for TP53 and CDKN2A were similar between SBA and GC. Such biological differences stress the need for further understanding and the clinical need to view SBA as an independent entity instead of a much rarer version of largeintestine cancer. At present, only 1 other report has attempted to compare SBA with its neighboring intestinal cancers, and this study was limited to copy number alterations via a comparative genomic hybridization approach. 26 In this effort, SBA genomic-wide DNA copy number profiles appeared to be more similar to CRC than to GC. Although our data are not genome wide, copy number changes similar to both CRC and GC were evident for individual genes. In particular, amplification rates of ERBB2/HER2 and EGFR were more similar to CRC, and ERBB3 and MDM2 amplification rates were more similar to GC. The large number of cases assessed herein also enabled what we believe to be the first robust attempt at comparing SBA genomics by subsite within the small intestine. As seen with prior reports, 3 ,27 most cases within this study were from the duodenum, although determination of the subsite relied somewhat on individual clinician reporting. Nonspecified smallbowel site is reflective of either a jejunal or ileal location, as the distinction between these sites is often not easily known or reported, whereas duodenal lesions are easy to delineate by endoscopy or radiographic imaging. Our results demonstrate relatively similar genomics between DA and unspecified SBA; however, CDKN2A/B and ERBB2/HER2 alterations were enriched in duodenal compared with unspecified SBA, whereas DA tended overall to have a lower TMB. These findings suggest that the worse outcomes seen for patients with DA are likely more reflective of the anatomic complexity of the retroperitoneal-located duodenum. This complexity leads to a more challenging surgical approach for the duodenum, which is reflected in the markedly lower rate of assessed lymph nodes when comparing duodenum and jejunal or ileal resections.
28
Because SBA is a rare cancer, there are currently no Food and Drug Administration-approved agents for treatment and no official guidelines regarding therapy for patients with metastatic disease. Thus, the finding of potentially targetable GAs in most (91%) SBAs is of great relevance, as it suggests further therapeutic options for patients for whom no wellestablished standards exist. At present, publications regarding use of targeted therapy in this disease are limited. Potentially targetable alterations presented in this series include ERBB2/HER2 amplification or mutation, EGFR amplification/ mutation, MEK1 (NM_002755) mutation, receptor tyrosine kinase fusion, BRAF mutation, and PI3K pathway-activating alterations. Despite lower ERBB2/HER2 amplification frequency in SBA and CRC compared with GC, SBA had the highest ERBB2/ HER2 mutation frequency, with most mutations confirmed as activating and some tumors harboring both mutation and amplification. These findings suggest the need for comprehensive next-generation sequencing in place of, or in addition to, immunohistochemistry or fluorescence in situ hybridization for optimal characterization. As broad GP becomes more common in SBA, there will likely be more opportunities for patients to receive benefit from matched targeted therapies, and future studies aimed at assessing clinical outcomes in these patients will be critical. Although no clinical trials of anti-EGFR therapies in SBA have been published, a small number of case reports have suggested some clinical benefit either alone or in combination with chemotherapy. [29] [30] [31] It is possible that the detection of alterations in KRAS, NRAS, BRAF, EGFR, ERBB2/HER2, PIK3CA, PTEN, and MAP2K1 may predict resistance to EGFR antibodies and inform therapy decisions in SBA, as has been suggested in CRC.
22
Antiprogrammed death 1 checkpoint inhibitors have also demonstrated efficacy in patients with MSI-H cancers, including SBA. 32, 33 In this series, we found a higher incidence of MSI-H in SBA compared with CRC or GC, yet the frequency of MSI reported here is less than the frequency of mismatch repair deficiency reported in a prior study; however, the prior study included a significant fraction of early stage patients and found that high mismatch repair deficiency was associated with early tumor stage. 34 We also found that all MSI-H tumors had an intermediate to high TMB, and a subset of MSS tumors, which would have been missed by standard MSI testing methods, also had a high TMB. Overall, the fraction of TMB-high SBA (9.5%) was significantly greater than the fraction of TMB-high CRC and GC, suggesting that further exploration of checkpoint inhibitors in SBA is warranted.
Limitations
Although this work represents what we believe to be the largest genomic characterization of SBA, it is limited by the genomic coverage of the assay utilized in which 236 or 315 genes were assessed. However, the genomic panel presented here includes full exon coverage and has undergone extensive clinical validation. The ability to perform such a broad characterization on formalin-fixed, paraffin-embedded tissue is critical in this disease because high-quality frozen tissues are rare since the diagnosis of SBA is frequently not known preoperatively. In addition, the initial categorization of DA was based on information in the provided pathology reports.
Conclusions
The characterization of SBA as a unique genomic entity, distinct from CRC and GC, should prompt further investigation into the optimal clinical management of this rare cancer. Identification of multiple clinically relevant genomic alterations and mutational profiles is encouraging in a population with limited treatment options and poor prognosis.
